Research in contextEvidence before this studyImmune adjuvants are components that stimulate, potentiate, or modulate the immune response to an antigen. They are crucial elements for both prophylactic and therapeutic vaccines. Within the framework of vaccine adjuvant design, targeting endosomal and intracellular receptors to enhance and guide the immune response is a highly promising approach. A major impediment to the development of vaccines is their inability to effectively induce mucosal immunity. TLR7 and NOD2 receptors are constitutively expressed in the intestinal and nasal mucosa. No study has so far demonstrated the vaccinal interest of being able to specifically target these two receptors in order to induce a mucosal response.Added value of this studyHere we have chosen to develop a new class of chemical adjuvant capable of simultaneously stimulating both TLR7 and NOD2 receptors in order to evaluate their adjuvant properties at the mucosal levels. This new type of chimeric adjuvant could make it possible to strongly induce a protective mucosal response in many infectious models, but could also have properties of stimulating or regulating the immune response in different context.Implications of all the available evidenceOur data demonstrates that the chimeric TLR7/NOD2 adjuvant is highly potent to stimulate DC maturation both *in vitro* and *in vivo*. The use of this molecule with a model HIV vaccine, allow the induction of a strong and specific adaptive immunity allowing to protect against a lethal challenge. The new knowledge presented here has immediate value for the design of new vaccine candidates for mucosal pathogen agents.Alt-text: Unlabelled box

1. Introduction {#sec0001}
===============

Most modern vaccines are composed of recombinant proteins. Unlike entire pathogens, these molecules are often considered by the organism as negligible inconvenience, and no immune response is induced against the antigen [@bib0001]. To stimulate the immune system, pathogen-associated danger signals are required [@bib0002]. PAMPs (Pathogen Associated Molecular Patterns) are components of pathogens that stimulate immune responses through the activation of PRRs. They act as vaccine adjuvants, considered as "immunologist\'s dirty little secret" [@bib0003], to stimulate immunity against antigens. In 2017, only one PRR agonist (MPLA) was approved for use as vaccine adjuvant in humans. This molecule targets TLR4 and stimulates immunity against influenza antigens [@bib0004]. Other PRR agonists are currently studied as vaccine adjuvants in clinical trials, such as TLR3 [@bib0005], TLR7 [@bib0006] or TLR9 [@bib0007] ligands. In this study, we evaluated the effect of TLR7 and NOD2 agonists. TLR7 recognizes viral single-stranded RNA. Its stimulation induces the secretion of pro-inflammatory cytokines and type I IFN. The stimulation of this receptor is known to induce CD4^+^ and CD8^+^ *T* cell responses *in vivo* \[[@bib0008],[@bib0009]\]. NOD2 is a cytosolic receptor recognizing muramyl dipeptide (MDP), a minimal bioactive peptidoglycan motif common to Gram-negative and Gram-positive bacteria [@bib0010]. NOD2 agonists are known to be efficient mucosal adjuvants \[[@bib0011],[@bib0012]\]. Moreover, a recent sudy showed that NOD2-mediated recognition of the microbiota is critical for mucosal adjuvant activity of cholera-toxin [@bib0013]. Many evidences show the interest of the crosstalk between PRR agonists for vaccine adjuvantation [@bib0014]. Even if this interaction has been studied for numerous PRRs [@bib0015], [@bib0016], [@bib0017], the synergy between TLR7 and NOD2 is poorly described. The synergistic induction of the production of IL-1β and IL-23 in monocyte-derived DCs (moDCs) has been reported after stimulation with NOD2 and TLR7/8 agonists [@bib0018]. Recently, the cooperation between TLR7 and NOD2 signaling was demonstrated in response to *Candida parapsilosis* infection [@bib0019]. As part of the evaluation of the interest of the crosstalk between PRR agonists, the combination of multiple agonists in a single molecule showed promising effects in multiple studies [@bib0020], [@bib0021], [@bib0022]. Most pathogens enter the body through mucosa. Therefore, effective vaccines inducing a protection at these portal of entry of pathogens are needed [@bib0023]. Induction of mucosal immunity, including secretion of secretory IgA and IgG [@bib0024] and cytotoxic immune response, at the site of pathogen entry may be critical for protection against multiple pathogens. This kind of immune responses can be induced by nanoparticulate vectors combined with immune adjuvants [@bib0025].

In this study, we evaluated the immunostimulatory properties of a molecule combining a TLR7 and NOD2 agonist for mucosal vaccination. The ability of the molecule to stimulate both TLR7 and NOD2 as well as the induction of moDC maturation and production of multiple cytokines were assessed *in vitro*. The induction of autophagy by this molecule was evaluated *in vitro* in a reporter cell model. Systemic and mucosal immune responses after intranasal immunization were also assessed *in vivo*, using a mouse model of vaccination with nanoparticulate HIV-1 p24. The ability of the molecule to stimulate humoral and cellular immune responses after intranasal administration was studied, as well as the protection induced after a viral challenge with a gag encoding vaccinia virus.

2. Materials and methods {#sec0002}
========================

2.1. TLR ligands and HIV-1 p24 {#sec0003}
------------------------------

The TLR7/NOD2 agonist is a hybrid molecule incorporating the TLR7 agonist CL239 covalently linked to the NOD2 agonist MDP designed to stimulate both TLR7 and NOD2 ([Fig. 1](#fig0001){ref-type="fig"}C; synthesis described in supplementary informations). The whole synthesis of CL325 is provided in the supplementary material. The ligands specific activities were determined using the HEK-Blue-hTLR7, HEKBlue-hNOD2 reporter cell lines (InvivoGen) to monitor the activation of the NF-kB and AP-1 pathways using a secreted embryonic alkaline phosphatase (SEAP). Stimulation with ligands activates NF-kB and AP-1, which induce the production of SEAP. The level of SEAP can be easily quantified with a detection medium that turns purple/blue in the presence of alkaline phosphatase (HEK-Blue Detection; InvivoGen). HIV-1 p24 antigen was produced and purified by PX\'Therapeutics. The purity of p24 was higher than 97% with endotoxin content lower than 5 EU/mg of p24 protein. All other reagents were of analytical grade and were procured from commercial sources.Fig. 1Dual TLR7/NOD2L agonist stimulates both TLR7 and NOD2 and induces strong autophagy activity. (A) *In vitro* assessment of ligand-specific activation *via* the TLR7 and NOD2 pathways in HEK-Blue hTLR7 and hNOD2 cells. (B) Evaluation of the induction of autophagy in reporter cells, derived from HeLa cells, expressing a fluorescent GFP-LC3 fusion protein, after 8 hrs stimulation with 10 µM of ligands or 50 µM of Tamoxifen. Data are representative of 3 independent experiments. (C) Chemical structures and data sizing of the TLR7/NOD2L agonist. CL325 was solubilized as before at 4.2 mg/ml in acetone/buffer pH 9 and then diluted to PBS at 10 µg/ml. Nanosizer size measurement was possible. The CL325 is organized into particles with an average particle size of 300 nm +/- 70 nm. Even after sonication, the particle size remains the same, indicating a stable size.Fig 1

2.2. Analysis of the induction of autophagy {#sec0004}
-------------------------------------------

Autophagy was studied by immunofluorescence analysis of LC3 in HeLa-Difluo™ hLC3 reporter cells (InvivoGen). Cells were seeded in 24-wells plates (50,000 cells per well) and stimulated with 10 µM of TLR7, NOD2, TLR7/NOD2 ligands or 50 µM Tamoxifen as a positive control (InvivoGen). After stimulation (8 h), cells were observed using fluorescent microscopy, and quantification of cells containing LC3-positive autophagosomes was performed.

2.3. Preparation of poly (lactic acid) nanoparticles {#sec0005}
----------------------------------------------------

Nanoparticles (NPs) were prepared by nanoprecipitation as described previously \[[@bib0025],[@bib0026]\]. Briefly, 110 mg of polymer were dissolved in 5.5 mL of acetone and gradually added to 3.5 mL of aqueous solution (57% v/v of ethanol in water) under slow stirring. Organic solvents were then removed under reduced pressure at 30 °C. Particle size, polydispersity and surface charge were determined at 25 °C using a Zetasizer Nano ZSP (Malvern). The p24 protein was diluted in PBS at 1 mg/mL. PLA NPs were diluted at a concentration of 25 mg/mL in PBS and one volume of protein solution was added to one volume of NPs. The solution was incubated for 2 h at room temperature under moderate end-overhead stirring. Unbound p24 protein was collected in the supernatant by centrifugation at 10,000 x *g* for 10 min and quantified by Bradford protein assay (Bio-Rad). The absorbance of the samples was measured at 595 nm using a microplate reader. Nanoparticle size was determined using a Zetasizer Nano ZS (Malvern Instruments).

2.4. moDC maturation assay and transcriptomic profile {#sec0006}
-----------------------------------------------------

Monocytes were purified from peripheral human blood, obtained from EFS (Etablissement Français du Sang) by density gradient centrifugations using Ficoll-Paque™ plus and Percoll (GE Healthcare) as previously described [@bib0012]. Remaining erythrocytes, NK, B- and T- cells were then depleted by anti-glycophorin A, anti-CD56, anti-CD19 and anti-CD3 antibodies (Beckman Coulter) respectively, using Dynabeads® Pan Goat antimouse IgG (Invitrogen). The purified monocytes (0.5 × 10^6^ cell/ml) were cultured in RPMI medium supplemented with 10% heat-inactivated fetal calf serum (FCS), gentamycin (50 U/ml), 100 U/ml penicillin and 100 μg/ml streptomycin in the presence of 62.5 ng/ml of human interleukin-4 (IL-4) (R&D systems) and 75 ng/ml of human granulocyte macrophage colony stimulating factor (GM-CSF) to differentiate into moDCs. This process led to the differentiation of more than 96% of the cells. After 6 days, 1 × 10^6^ moDCs per condition were incubated for 24 h in the absence or presence of various ligands at individual concentrations of 10 μM. Cells were then stained with α-CD1a-FITC together with α-CD40-PE, α-CD80-PE, α-CD86-PE, or α-MHC-II-PE (BD Biosciences). Data were acquired using a FACS Canto I flow cytometer (BD Biosciences) and analyzed with FlowJo software version 9.3.7 (Tree Star Inc.). RNA was extracted from moDCs using an RNeasy Mini Kit (Qiagen), and the expression of 84 genes was quantified using an RT2 Profiler PCR Arrays Human Toll-Like Receptor Signaling Pathway Kit (Qiagen). The experiments were repeated with 4 donors.

2.5. Quantitation of cytokines by Luminex {#sec0007}
-----------------------------------------

Cytokines and chemokines present in moDC cultures supernatants were measured using a Luminex T200 instrument in combination with human Bio-Plex Immunoassay Kits (Bio-Rad). All concentrations were determined as the mean of two replicates.

2.6. *In vitro* priming of effector CD8^+^*T* cells {#sec0008}
---------------------------------------------------

The *in vitro* priming assay was performed as described previously [@bib0027]. Briefly, PBMCs (Peripheral Blood Mononuclear Cells) from healthy HLA-A2^+^ individuals were supplemented with FLT3L (FMS-like tyrosine kinase 3 ligand; 50 ng/ml; R&D Systems) and cultured at 5 × 10^6^ cells/well in a 24-well plate. After 24 h, maturation of DCs was induced with different ligands (at individual concentrations of 10 μM or 10 µM of each for the combination) or a standard cocktail of inflammatory cytokines comprising TNF (1000 U/mL), IL-1β (10 ng/mL), IL-7 (0.5 ng/mL) and prostaglandin E2 (PGE2; 1 μM) (R&D Systems) or the ssRNA40 TLR8L (0.5 μg/mL; Invivogen), added together with the ELA-20 peptide (YTAAE**ELAGIGILTV**ILGVL; Melan-A/MART-1 residues 21--40~A27L~) at a final concentration of 10 µM. ELA-specific CD8^+^ *T* cell frequency and phenotype were determined on day 10. Data were acquired using an LSR Fortessa flow cytometer (BD Biosciences) and analyzed with FlowJo software (Tree Star). The experiments were repeated with 5 donors.

2.7. Mice and immunization protocol {#sec0009}
-----------------------------------

Female CB6F1 mice (Charles River) were hosted at the PBES (ENS de Lyon, France). The protocol was approved by the Ethics Committee of the Comité Rhône-Alpes d\'Ethique pour l\'Experimentation Animale (France). The vaccine formulations were prepared by mixing NP with each molecular adjuvant. Seven-week-old mice were anesthetized with isoflurane and immunized intranasally with 20 µL (10 µL in each nostril) of the formulation. Groups of 5 mice were immunized with 10 µg HIV-1 Gag p24 (PX Therapeutics) adsorbed onto PLA NPs (NP-p24), 10 µg NP-p24 plus TLR7L (20 nmol, 1 µg) or NOD2L (20 nmol; 1 µg) or TLR7L (20 nmol; 1 µg) + NOD2L (20 nmol; 1 µg) or TLR7/NOD2L (20 nmol; 1 µg) (InvivoGen). A combination of 10 µg p24 + 2.5 µg heat-labile enterotoxin (HLT; Sigma-Aldrich) were used as a control. Three doses of each formulation were administered at weekly intervals, followed by an equivalent booster dose after a further 3 weeks.

2.8. p24-specific IFNγ and IL-17 ELISPOT assays {#sec0010}
-----------------------------------------------

Detection of p24-specific CD4^+^and CD8^+^ *T* lymphocytes were measured by ELISPOT in the spleen and the lungs of vaccinated mice. Mice were killed by means of cervical dislocation after achievement of anesthesia at day 42. ELISpot assays were performed with cells isolated from the spleen and lungs. Cells (3 × 10^5^ cells per well) were directly plated and cultured for 24 h with or without stimulation with recombinant p24 antigen (1 µg/ml) or p24-specific MHC1 peptide (10 µM) as previously decribed \[[@bib0012],[@bib0021],[@bib0026],[@bib0028]\] . The plates were assayed for IFNg and IL-17 according to the procedure provided by the manufacturer (Mabtech, Cincinnati, Ohio). Spot-forming cells were counted on an ELISpot reader (BIOREADER 3000; BIO-SYS). The results are expressed as the number of spots per 1 × 10^6^ cells after subtracting the number of spots in unstimulated wells.

2.9. Blood, feces and vaginal secretion recovery {#sec0011}
------------------------------------------------

Biological fluids were recovered before immunization (D0), at D28 and D49 to examine their antibody content. Serum samples were obtained from whole blood recovered by retro-orbital vein puncture. Vaginal secretions were collected by vaginal lavages with 50 µL of PBS (two times) placed in the vagina of the animal using an adapted pipette (Pipette M100, Gilson), and tips (CP100, Gilson). Ten microliters of 10x Halt™ Protease Inhibitor Cocktail (Thermo Scientific) were then added to the vaginal lavages to protect antibodies from degradation. Fresh feces were also collected from each animal and diluted at 100 mg/mL with 1x Halt™ Protease Inhibitor Cocktail. Feces were strongly mixed to dislocate and then centrifuged at 16,000 x *g*. Supernatants were collected and stored at −20 °C until further use. Sera were then collected by centrifugation at 16,000 x *g* and stored at −20 °C until use.

2.10. Viral challenge {#sec0012}
---------------------

Viral challenge was performed with the vDK1 recombinant vaccinia virus expressing HIV-1 p24 gag (this reagent was obtained through the National Institutes of Health AIDS Reagent Program, Division of AIDS, National Institute of Allergy and Infectious Diseases, National Institutes of Health: vDK1 was from Dr Daniel R. Kuritzkes) as previously described \[[@bib0028],[@bib0029]\]. A dose of 4 × 10^7^ plaque- forming units of the virus in 40 µL was administered through the intranasal route 2 weeks after the last immunization. Mice were then weighed daily for up to 7 days.

2.11. Statistical analysis {#sec0013}
--------------------------

All statistical analyses were performed with the InStat version 5.02 software from GraphPad Software. A nonparametric *t*-test or one-way ANOVA followed by Bonferroni post hoc test was used where appropriate. The p values lower than 0.05 (marked by \*), lower than 0.01 (\*\*), or lower than 0.005 (\*\*\*) were considered as significant. Statistically significant differences between groups are emphasized by bars connecting the relevant columns. All data generated or analyzed during this study are included in this published article (and its supplementary information files).

3. Results {#sec0014}
==========

3.1. The hybrid molecule (TLR7/NOD2L) activates both TLR7 and NOD2 ([Fig. 1](#fig0001){ref-type="fig"}C) {#sec0015}
--------------------------------------------------------------------------------------------------------

The specific activity of TLR7L, NOD2L or the chimeric TLR7/NOD2L was evaluated *in vitro* using cell lines expressing one unique PRR (TLR7 or NOD2). We observe that the TLR7/NOD2 agonist stimulates significantly both TLR7 and NOD2 in a dose-dependent manner ([Fig. 1](#fig0001){ref-type="fig"}**A**). The TLR7 part only activates HEK-Blue hTRL7 cells while the NOD part only stimulates HEK-Blue hNOD2 cells. Moreover, TLR7/NOD2L is a better activator of TLR7 than TLR7L alone. To evaluate if the structure of the chimeric molecule could be implicated in it better activity, we proceed to a size analyzing of the different ligands with a nanosizer. For MDP and CL239, no significant size measurements were possible. These results were expected from compounds that are highly soluble in water. The CL325 is organized into particles with an average particle size of 300 nm +/- 70 nm **(**[Fig. 1](#fig0001){ref-type="fig"}**C)**. Even after sonication, the particle size remains the same, indicating a stable size. Due to the chemical structure, a liposomal organization is possible. This confirms the particulate suspicion of this compound which would favor multi-affinity presentation and uptake by Antigen Presenting Cells (APCs).

3.2. TLR7/NOD2 chimeric molecule strongly induces autophagy in human transfected cells {#sec0016}
--------------------------------------------------------------------------------------

The mechanism of autophagy plays an important role in innate immunity and the fight against pathogen. To analyze its induction, autophagy reporter cells, derived from HeLa cells, expressing a fluorescent GFP-LC3 fusion protein were used. These cells enable monitoring of autophagic flux by fluorescence microscopy. Tamoxifen was used as a positive control. Eight hours after stimulation with the different molecules, cells were rinsed and observed by fluorescence microscopy. The number of cells containing at least one GFP-LC3^+^ autophagosome was counted ([Fig. 1](#fig0001){ref-type="fig"}**B**). When the cells are treated with the positive control tamoxifen, 89% of the cells contain at least one autophagosome, whereas only 3% of the cells contain autophagosomes in the untreated population of cells. While TLR7L and NOD2L did not stimulate autophagy, 58% of the cells contained autophagosomes after stimulation with the TLR7/NOD2L. This experiment shows the ability of the TLR7/NOD2 agonist to induce autophagy in human cells.

TLR7/NOD2L chimeric molecule stimulates human DCs in a synergistic or additive way and primes cytotoxic and central memory CD8^+^ *T* lymphocytes. Dendritic cells are central effectors of immunity, acting as messengers between the innate and adaptive immune system. They express a repertoire of PRR, allowing the recognition of a large range of pathogens. Their stimulation induces their maturation, the presentation of antigen fragments and the production of cytokines that direct the immune response. To assess the adjuvant potential of the TLR7/NOD2L, we measured its ability to induce DC maturation. Human monocyte-derived DCs were stimulated with equimolar concentrations of TLR7L, NOD2L, TLR7L+NOD2L or TLR7/NOD2L for 24 h and the expression of markers of maturation was analyzed by flow cytometry ([Fig. 2](#fig0002){ref-type="fig"}A). The different ligands tested didn\'t show any sign of toxicity *in vitro* (data not shown). While 10 µM of TLR7L or NOD2L alone did not induce any significant overexpression of maturation markers, the combination of both ligands at high concentration (10 µM + 10 µM) and more significantly the use of the hybrid TLR7/NOD2 agonist at both 1 and 10 µM induced significant expression of CD40, CD80, CD86 and MHC-II (*p* \< 0.01). To go further in the study of moDC maturation, we analyzed the expression of 84 genes associated with TLR signaling pathway after stimulation with the different agonist ([Fig. 2](#fig0002){ref-type="fig"}B). These data showed that the co-administration of TLR7 and NOD2 ligands induces a strong modification in the expression pattern of multiple genes in moDCs. The TLR7/NOD2L impacts the same genes than the combination but with a more pronounced effect. It increases the expression of CD80 and CD86, confirming the observations made at protein level ([Fig. 2](#fig0002){ref-type="fig"}A), but also IFN-γ, pro-inflammatory cytokines and the NF-kB genes. It also induces a large overexpression of CXCL10 mRNA (. Interestingly, those molecules seem to decrease the expression of TLR genes. The maturation of DCs is associated with the secretion of cytokines that stimulate inflammation and adaptive immunity ([Fig. 2](#fig0002){ref-type="fig"}C). While the co-administration of TLR7 and NOD2 ligands induced the overexpression of multiple cytokines, the hybrid molecule enhanced synergistically this effect. In fact, TLR7/NOD2L induced significantly the secretion of Th1 (IFN-γ and IL-2, *p*\<0.05), Th2 (IL-10 and IL-5, *p*\<0.05), Th17 (IL-17, *p*\<0.05) and pro-inflammatory cytokines (IL-1β, IL-6 and TNF-α, *p*\<0.05). It also induces chemokines (IL-8, MCP-1 and MIP-1β, *p* \< 0.05).Fig. 2Dual TLR7/NOD2L agonist stimulates human DC maturation, reprogram TLR expression and cytokine secretion *in vitro*. (A) Expression (MFI Median Fluorescence Intensity) of the co-stimulatory molecules CD40, CD80, CD86 and MHC-II on the surface of CD1a^+^ CD14^--^ moDCs generated *in vitro* was determined by flow cytometry 24 hr after stimulation with the indicated ligands at a concentration of 1 (low) or 10 µM (high). (**B**) Transcriptomic profile of TLR pathways genes after 24 hrs stimulation with TLR7 plus NOD2 or TLR7/NOD2 agonist. Results are indicated on fold change within the unstimulated control (**C**) Expression profile of multiple cytokines after stimulation of moDCs with the different agonists at 10 µM during 24 h using luminex assay. The data represent two independent experiments done in duplicates (*n* = 4). Statistical significance between two groups was determined using an uncorrected Student\'s *t*-test: \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001.Fig 2

In an *in vitro* well described CD8+ *T*-cell priming assay, TLR7/NOD2L primed significantly a substantial population of ELA-specific CD8^+^ *T*-cells ([Fig. 3](#fig0003){ref-type="fig"}). Around 80% of the primed cells expressed CCR7, while only 10% expressed CD45RA ([Fig. 3](#fig0003){ref-type="fig"}), the lack of expression of CD45RA ([Fig. 3](#fig0003){ref-type="fig"}) being a hallmark of central memory cells \[[@bib0030],[@bib0031]\]. Moreover, the dual agonist was also able to prime significantly cytotoxic perforin^+^ and granzyme *B*^+^ CD8^+^ *T* cells ([Fig. 3](#fig0003){ref-type="fig"}). The importance of central memory cells subsets but also the activation of CTLs for the effectiveness of vaccines has been shown in several studies, confirming the strong potential of TLR7/NOD2L as a vaccine adjuvant.Fig. 3Dual TLR7/NOD2L agonist prime efficiently human CD8^+^*T* cells with cytolytic potential and central memory T cells phenotype *in vitro*. Primes PBMCs from healthy HLA-A2^+^ individuals were stimulated with FLT3L and primed with the Melan-A/MART-1 epitope ELA for 10 days in the presence or absence of the indicated ligands at a concentration of 2.5 µM. Tetramer-binding CD3^+^ CD8^+^ cells and intracellular expression of perforin, granzyme B CD45RA and CCR7 were quantified by flow cytometry. The data represent four independent experiments. Statistical significance between two groups was determined using an uncorrected Student\'s *t*-test: \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001.Fig 3

Chimeric TLR7/NOD2L induces *in vivo* protective mucosal immune responses against the HIV-1 p24 antigen*.* To assess the ability of the TLR7/NOD2 agonist to stimulate an immune response *in vivo*, CB6F1 mice (27) were intranasally immunized with HIV p24 coated on PLA NPs co-administrated with TLR7, NOD2, TLR7+NOD2L or TLR7/NOD2 agonists as adjuvants. HLT mucosal adjuvant was used as positive control. Any safety concerns using the single ligand, the combination of ligands or the chimeric molecule was observed (no local reaction, no weight drop, no diarrhea). We did not observe any sign of pulmonary toxicity after intranasal administration looking on the lung of vaccinated mice (data not shown).

To assess systemic and mucosal immunity, p24-specific IgG and IgA were measured in serum, feces and vaginal washes ([Fig. 4](#fig0004){ref-type="fig"}). Use of TLR7/NOD2L induced higher IgG titers than the unadjuvanted NP-p24 (*p* \< 0.01), and all other formulations ([Fig. 4](#fig0004){ref-type="fig"}**A**). Endpoint specific IgG1 and IgG2A were also measured in the serum to evaluate *in vivo* the orientation of the immune response ([Fig. 4](#fig0004){ref-type="fig"}**A**). TLR7L induced lower IgG1 and higher IgG2a concentrations than the NP-p24 alone, leading to a lower IgG1/IgG2a *ratio* (*p*\< 0.05). The predominant IgG subclass in the group immunized with the TLR7/NOD2L was IgG2a (*p*\<0.05), showing its potential to induce a strong Th1 response. Use of TLR7/NOD2L adjuvant induces significantly a systemic and mucosal IgA response ([Fig. 4](#fig0004){ref-type="fig"}**B**). After intranasal immunization, NP-p24 alone was not able to induce detectable IgG or IgA responses ([Fig. 4](#fig0004){ref-type="fig"}**A-B**). The administration of TLR7L, NOD2L or co-administration of both did not induce any increase in IgG or IgA at mucosal sites. However, the administration of the TLR7/NOD2L induced the production of p24-specific IgG/IgA response in feces or vaginal lavages. The effect of TLR7/NOD2L is significantly higher to promote p24-specific antibody responses than the well-known HLT mucosal adjuvant.Fig. 4Use of dual TLR7/NOD2 adjuvant with NP-p24 HIV vaccine enhances systemic and mucosal immune humoral responses in CB6F1 mice after intranasal administration. Six groups of mice (*n* = 5 per group) were immunized intranasally with NP-p24 in the presence or absence of the indicated ligands on days 0, 7, 14 and 28. (A) Serum and mucosal (fecal and vaginal) p24-specific IgG titers were measured by ELISA on day 35 (see supplemental methods). Serum IgG1 and IgG2a isotypes were also measured on day 35. (B) Serum, fecal, and vaginal p24-specific IgA were measured by ELISA after intranasal immunization (see supplemental methods). Statistical significance between two groups was determined using an uncorrected Student\'s *t*-test: ns, *P* \> 0.05; \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001; \*\*\*\*, *P* \< 0.0001.Fig 4

TLR7/NOD2L ability to promote a p24-specific Th1 ([Fig. 5](#fig0005){ref-type="fig"}**A**) and Th17 ([Fig. 5](#fig0005){ref-type="fig"}**B**) systemic and mucosal responses was also confirmed by ELISPOT. Stimulation of splenocytes or lung CD4^+^ and CD8^+^ lymphocytes with p24 Ag and/or p24-specific MHC-I peptide induced a high number of IFN-γ or IL-17-producing cells (*p* \< 0.01). Stimulation with p24 Ag or with a MHC-I peptide induced a 10-times higher number of IFN-γ-secreting cells (*p* \< 0.0001) when the mice were immunized with NP-p24+TLR7/NOD2L ([Fig. 5](#fig0005){ref-type="fig"}**A**). Similarly, a higher number of IL-17 secreting cells were observed ([Fig. 5](#fig0005){ref-type="fig"}**B**, *p* \< 0.01). This observation confirmed the ability of TLR7/NOD2L to stimulate both CD4^+^ and CD8^+^T cells at both systemic and mucosal levels.Fig. 5Use of dual TLR7/NOD2 adjuvant with NP-p24 HIV vaccine enhances systemic and mucosal T cell response in CB6F1 mice after intranasal administration and protect mice for a lethal intranasal challenge. IFN-γ and (A) IL-17 (B) secreting CD4^+^ and CD8^+^*T* cells were analyzed by ELISPOT in the spleen or in the lung of vaccinated mice at day 42. IFN-γ and IL-17 secretion were measured after stimulation with p24 recombinant antigen (CD4 response) or p24-specific MHC-I peptide. Results are expressed as number of spots per 1.10^6^ splenocytes. (see supplemental methods). (**C**) Disease course of the mice assessed by weight loss after challenge with vDK1 recombinant vaccinia virus expressing HIV-1 p24 gag (two independent experiments). Vaccinia titers were measured in the lungs at the time of sacrifice as previously described \[[@bib0028],[@bib0029]\]. A nonparametric *t*-test or one-way ANOVA followed by Bonferroni post hoc test was used where appropriate. *P* \> 0.05; \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001; \*\*\*\*, *P* \< 0.0001.Fig 5

To measure the quality of the induced-immune response, protection against an intranasal challenge with recombinant vaccinia virus encoding the p24 model antigen was analyzed in all groups of mice ([Fig. 5](#fig0005){ref-type="fig"}**C**). All mice, except those immunized intranasally with NP-p24+TLR7/NOD2L and to a less extent with p24+HLT, experienced significant weight loss after viral challenge (*p*\<0.0001 for the non-immunized mice and for the mice immunized with NP-p24, *p*\<0.05 for those immunized with HLT+p24). The co-administration of the TLR7/NOD2L induced a significant protection of immunized mice and a high significant reduction of viral titers in the lung of immunized mice **(**[Fig. 5](#fig0005){ref-type="fig"}**C)**. Protection for the viral vaccinia challenge has been described to be mainly T-dependent as confirmed here in our study.

4. Discussion {#sec0017}
=============

The most important outcome of this study was the identification of a versatile adjuvant able to induce balanced systemic and mucosal immune responses after mucosal administration. Here, we showed that a newly designed molecule targets both TLR7 and NOD2, and that the hybrid ligand is significantly more efficient than separated ligands to stimulate TLR7 ([Fig. 1](#fig0001){ref-type="fig"}--[5](#fig0005){ref-type="fig"}). Whereas NOD2 is a cytosolic receptor, TLR7 is an endosomal receptor. Its stimulation requires the engulfment within endosomes. It has been demonstrated that large complexes generated when TLR agonists are conjugated to NPs are better recognized and engulfed by macrophages and DCs \[[@bib0032],[@bib0033]\]. As the hybrid molecule is twice bigger than that the TLR7 side, the recognition and uptake by immune cells might be facilitated, leading to a better stimulation of TLR7. The CL325 is organized into large particles and a liposomal/micelle organization could be suspected (Supplemental Fig. 6). We think that this confirms the particulate suspicion of this compound which would favor multi-affinity presentation and uptake by Antigen Presenting Cells (APCs).

We also showed that the TLR7/NOD2 agonist induces autophagy in human cells ([Fig. 1](#fig0001){ref-type="fig"}B). This property is highly wanted for adjuvant development. This phenomenon is known to be important for innate cytokines production [@bib0034]. It was also demonstrated that autophagy is an essential process for the survival of memory B cells in mice in the case of influenza virus infection [@bib0035]. The ability of the ligand to stimulate autophagy might enhance the immune response of the host and in particular cross-presentation, and give an improved protection upon immunization.

A previous study showed the interest of cooperative stimulation of DCs with TLR7 and NOD2 ligands to induce a synergistic release of pro-inflammatory mediators which promote the activation of IL-17-producing T cells [@bib0018]. In this study, we showed the interest of stimulating these two receptors with a single molecule for the induction of an optimal DC maturation process ([Fig. 2](#fig0002){ref-type="fig"}). In fact, the molecule induces the expression of maturation markers as well as the secretion of multiple cytokines, necessary for the induction of a proinflammatory and adaptive immune response ([Fig. 2](#fig0002){ref-type="fig"}). Moreover, we also showed in an *in vitro* priming assay of specific T cells, that the TLR7/NOD2L dual agonist is a potent inducer of central memory T cells and is also able to prime CTLs ([Fig. 3](#fig0003){ref-type="fig"}). It will be of a great interest to understand how mechanistically the chimeric molecule improves the priming of CTLs response. Ability of TLR7/NOD2L to induce autophagy is probably involved in the effect.A pharmacokinetic analysis will be interested to compare the stability of the chimeric adjuvant and the single molecule. It\'s also possible to imagine that the physical or chemical properties of adjuvanted particles could stimulate different signaling pathway.

Finally, we showed that the intranasal administration of the molecule with HIV p24 coated on PLA NPs induces the production of IgG and IgA, at systemic and mucosal level ([Fig. 5](#fig0005){ref-type="fig"}). The TLR7 agonist support the activation of IgG2a compared to the NP-p24 alone. This feature was conserved with the TLR7/NOD2L, showing its potential to induce Th1 immune response. Mucosal IgG response observed could be due to the transudation and/or FcRn transport to mucosal surfaces [@bib0036]. Chimeric adjuvant also induces a strong IFN-γ-and IL-17 CD4^+^ and CD8^+^ p24-specific response [@bib0037], both at systemic and mucosal levels. The induced immune response induced by the combination between the NP-p24 vaccine and the TLR7/NOD2L enables the protection of mice against a viral challenge.

To conclude, we showed that the TLR7/NOD2 agonist seems to be a potent adjuvant both *in vitro* and *in vivo*. This activity seems to be mediated by an optimal DC maturation process, which could induce strong B and T cell stimulation. This molecule is a potent versatile tool for adjuvantation of prophylactic but also therapeutic vaccines.
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